The endocrine hormone fibroblast growth factor 21 (FGF21) is a powerful modulator of glucose and lipid metabolism and a promising drug for type 2 diabetes. Here we identify FGF21 as a potent regulator of skeletal homeostasis. Both genetic and pharmacologic FGF21 gain of function lead to a striking decrease in bone mass. In contrast, FGF21 loss of function leads to a reciprocal high-bone-mass phenotype. Mechanistically, FGF21 inhibits osteoblastogenesis and stimulates adipogenesis from bone marrow mesenchymal stem cells by potentiating the activity of peroxisome proliferator-activated receptor γ (PPAR-γ). Consequently, FGF21 deletion prevents the deleterious bone loss side effect of the PPAR-γ agonist rosiglitazone. Therefore, FGF21 is a critical rheostat for bone turnover and a key integrator of bone and energy metabolism. These results reveal that skeletal fragility may be an undesirable consequence of chronic FGF21 administration.
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bone metabolism | osteoblast | thiazolidinediones | adipocyte | nuclear receptor B one is a dynamic tissue that constantly remodels by balancing osteoblast-mediated bone formation and osteoclast-mediated bone resorption. Under physiological conditions, formation and resorption are tightly coupled, thereby maintaining skeletal homeostasis. Under pathological conditions such as osteoporosis or bone metastasis of cancer, the simultaneously decreased formation and increased resorption lead to the uncoupling of remodeling and bone loss (1) (2) (3) . Osteoblasts are differentiated from bone marrow mesenchymal stem cells (MSCs), which can also differentiate into adipocytes, depending on both extracellular milieu and intracellular signaling (4) (5) (6) (7) (8) . In contrast, osteoclasts are differentiated from macrophage precursors in the hematopoietic lineage in response to the cytokine Receptor Activator of NF-κB Ligand (RANKL), depending on the ratio of RANKL to osteoprotegerin (OPG), a RANKL decoy receptor that inhibits osteoclast differentiation (9) .
Fibroblast growth factor 21 (FGF21) is an atypical member of the FGF family that functions as an endocrine hormone (10, 11) . It is a powerful regulator of glucose and lipid metabolism. Physiologically, FGF21 expression is induced both in the liver by prolonged fasting through PPAR-α activation (12) (13) (14) and in the white adipose tissue by feeding through PPAR-γ activation (15) (16) (17) (18) . Pharmacologically, administration of recombinant FGF21 protein to diabetic mice and rhesus monkeys strongly enhances insulin sensitivity, decreases plasma glucose and triglyceride, and reduces body weight (19) (20) (21) (22) (23) . Hence, FGF21 is a potential drug for the treatment of obesity and diabetes that is currently in clinical trials. However, it is unknown whether FGF21 regulates bone mass. This question is clinically important in light of the already increased skeletal fragility in diabetic patients (24, 25) and the reported bone-loss side effects of the current antidiabetic thiazolidinedione (TZD) drugs such as rosiglitazone, a synthetic PPAR-γ agonist (24, (26) (27) (28) (29) ). Here we demonstrate that FGF21 is a potent negative regulator of bone, both physiologically and pharmacologically. These findings identify FGF21 as a critical, yet previously unrecognized, regulator of skeletal homeostasis and a key integrator of bone and energy metabolism.
Results and Discussion
Genetic FGF21 Gain of Function Decreases Bone Mass. To examine the consequences of chronic FGF21 exposure on bone, we used FGF21-transgenic (Tg) mice, in which circulating FGF21 concentrations are approximately fivefold higher than in fasted mice (13, 30) . Micro-computed tomography (μCT) imaging of the tibiae demonstrated that the FGF21-Tg mice had a striking decrease in trabecular bone compared with the wild-type (WT) controls (Fig. 1A) . Quantification of bone parameters showed that the FGF21-Tg mice had significant reductions in the bone volume (BV)/tissue volume (TV) ratio (BV fraction, −51%), bone surface (BS; −55%), trabecular number (Tb.N; −27%), and trabecular thickness (Tb.Th; −36%), along with significant increases in BS/BV ratio (+60%) and trabecular separation (Tb. Sp; +63%) (Fig. 1B) . Both the apparent density (tissue mineral density; TMD) and material density (bone mineral density; BMD) were decreased in the FGF21-Tg mice (Fig. 1C) . BV/TV and BMD of cortical bones (Fig. 1D ) and whole tibiae (Fig. S1A) were also significantly reduced.
To determine whether the low-bone-mass phenotype was caused by decreased bone formation and/or increased bone resorption, we measured bone markers by ELISA. The bone formation marker N-terminal propeptide of type I procollagen (PINP) was 40% lower (Fig. 1E) , whereas the bone resorption marker C-terminal telopeptide fragments of the type I collagen (CTX-1) was 122% higher in the FGF21-Tg mice (Fig. 1F) . Static bone histomorphometry studies showed that osteoblast number and surface were significantly lower (Fig. 1G) , whereas osteoclast number and surface were significantly higher (Fig.  1H) . Interestingly, the number and area of bone marrow adipocytes were markedly increased in the FGF21-Tg mice ( Fig. 1 I  and J) . Dynamic histomorphometry analysis using double calcein labeling showed that the FGF21-Tg mice exhibited a significantly lower bone formation rate (BFR/BS; +98%), mineral apposition rate (MAR; +38%), and mineralizing surface (MS)/ BS ratio (MS/BS; +36%) ( Fig. 1 K and L) . Analysis of mRNA expression in tibiae confirmed that osteoblast-specific genes (osterix and osteocalcin) were reduced, whereas adipocyte-spe-cific genes (PPAR-γ2 and adiponectin) were elevated (Fig. 1M) . In addition, the mRNA ratio of RANKL/OPG was elevated (Fig. 1M) , suggesting that the increased bone resorption may result from increased RANKL availability. These results show that the low bone mass in the FGF21-Tg mice was caused by a combination of decreased bone formation and increased bone resorption.
Pharmacological FGF21 Treatment Induces Severe Bone Loss. Because FGF21 is a promising diabetes drug currently in clinical trials, we investigated whether shorter-term FGF21 treatment also caused bone loss in diet-induced obese (DIO) mice. WT mice were fed a high-fat diet for 4 mo and injected with recombinant FGF21 (1 mg·kg −1 ·d −1 ) or PBS control during the last 2 wk. μCT imaging of the tibiae showed that FGF21 treatment caused marked Adipocyte number/area. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. trabecular bone loss (Fig. 1N ) with a significant reduction in BV/ TV (−78%), BS (−77%), Tb.N (−68%), and Tb.Th (−32%), accompanied by a significant increase in BS/BV (+48%) and Tb.Sp (+3.3 fold) (Fig. 1O) . ELISA analyses showed that the FGF21-induced bone loss was caused by a combination of decreased bone formation (−35% in PINP) (Fig. 1P ) and increased bone resorption (+54% in CTX-1) (Fig. 1Q) . Histomorphometry showed that FGF21 treatment led to significantly reduced osteoblast number and surface (Fig. 1R) , increased osteoclast number and surface (Fig. 1S) , and increased bone marrow adipocyte number and area (Fig. 1T) . Consistent with the recombinant FGF21 studies, adenovirus-mediated FGF21 overexpression caused significant bone loss after 2 wk in DIO mice (Fig. S2 ) and after 4 wk in lean mice (Fig. S3) . Thus, pharmacologic FGF21 administration causes severe bone loss in adult animals.
Genetic FGF21 Loss of Function Increases Bone Mass. To determine whether FGF21 is required for normal bone homeostasis, we analyzed FGF21-knockout (KO) mice (31) . μCT imaging of tibiae showed that FGF21-KO mice developed a high-bone-mass phenotype with more trabecular bone than the WT controls ( Fig. 2A) . FGF21-KO mice showed significantly greater BV/TV (+87%), BS (+101%), Tb.N (+64%), and connectivity density (Conn. D., +241%), accompanied by significantly decreased Tb.Sp (−44%) (Fig. 2B ). BV/TV of cortical bones ( Fig. 2C ) and whole tibiae (Fig. S1B) was also significantly increased. The bone formation marker PINP was 152% higher (Fig. 2D ), whereas the bone resorption marker CTX-1 was 45% lower in the FGF21-KO mice (Fig. 2E) .
As is often seen in mice with osteoclast defects, the FGF21-KO mice also exhibited extramedullary hematopoiesis in the spleen, evidenced by increased spleen/body weight ratio (Fig. 2F Left) with unaltered body weight (Fig. 2F Right) . The mRNA ratio of RANKL/OPG was lower in FGF21-KO mice (Fig. 2G) , suggesting that the decreased bone resorption may result from reduced RANKL availability. Dynamic histomorphometry analysis showed that the FGF21-KO mice had a significantly higher BFR/BS (+98%), MAR (+38%), and MS/BS (+36%) (Fig. 2 H and I) . Static histomorphometry analysis showed that osteoblast number and surface were significantly higher (Fig. 2J) , whereas osteoclast number and surface were lower (Fig. 2K) , in the FGF21-KO mice. Interestingly, the number and area of bone marrow adipocytes were also decreased in the FGF21-KO mice ( Fig. 2 L and M) . Together, these results show that the high-bone-mass phenotype in the FGF21-KO mice is caused by a combination of increased bone formation and decreased bone resorption. These findings further reveal FGF21 to be a physiologically relevant regulator of skeletal homeostasis.
FGF21 Inhibits Osteoblastogenesis but Enhances Marrow Adipogenesis
in Synergy with Rosiglitazone. The negative correlation between the number of osteoblasts and adipocytes in bone marrow in both FGF21-Tg and -KO mice suggested that FGF21 might promote adipogenesis to the exclusion of osteoblastogenesis. In this regard, we have shown that FGF21 activates PPAR-γ transcriptional activity in white adipose tissue by inhibiting its sumoylation at K107, and, as a consequence, the insulin-sensitizing effects of TZDs are compromised in the absence of FGF21 (15) . Together, these findings suggest that a similar interplay between FGF21 and PPAR-γ activity may exist in bone. To test whether FGF21 alters the adipocyte:osteoblast balance, we performed ex vivo bone marrow differentiation assays under conditions that favored either adipocyte or osteoblast formation. FGF21 treatment significantly increased the differentiation of marrow MSCs to adipocytes as measured by (Scale bars, 100 μm.) *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; n.s. nonsignificant (P > 0.05).
Oil Red O (ORO) staining and adipocyte-specific gene expression ( Fig. 3 A and B) . The effects of FGF21 were potentiated by inclusion of the PPAR-γ agonist rosiglitazone in the differentiation mixture, because the induction of adipocytespecific genes by FGF21 and rosiglitazone cotreatment was higher than the additive induction by FGF21 or rosiglitazone alone ( Fig. 3 A and B) . Treating bone marrow adipocytes with FGF21 for 4 h caused a marked decrease in sumoylated PPAR-γ without affecting total PPAR-γ levels (Fig. 3C ), in keeping with the notion that FGF21 potentiates PPAR-γ activity (15) . In osteoblast differentiation assays, FGF21 inhibited the development of alkaline phosphatase-positive (ALP + ) cells and osteoblast-specific gene expression (Fig. 3 D and E) . Once again, these effects were potentiated by inclusion of rosiglitazone (Fig. 3 D and E) . Thus, FGF21 favors the differentiation of adipocytes over osteoblasts.
In adipocyte differentiation assays, the combination of FGF21 and rosiglitazone induced expression of the endogenous Fgf21 gene and the FGF21 coreceptor β-klotho (Fig. 3F) . These findings suggest the existence of a feed-forward PPAR-γ-FGF21 regulatory pathway and led us to examine the consequences of eliminating FGF21 in the MSC differentiation assays. In adipocyte differentiation assays, rosiglitazone's effect on adipocyte-specific gene expression was significantly attenuated in FGF21-KO cells (Fig. 3G) . In contrast, in osteoblast differentiation assays, the induction of osteoblast-specific genes and formation of ALP + colonies was enhanced in FGF21-KO cultures compared with WT cultures (Fig. 3 H and I) . These results highlight the importance of endogenous FGF21 in determining the ratio of osteoblasts to adipocytes. (Fig. 1) suggested that FGF21 might stimulate osteoclastogenesis. However, when treated with the same concentration of RANKL in vitro, hematopoietic progenitors from FGF21-Tg or -KO mice underwent normal osteoclast differentiation compared with the WT mice ( Fig. S4 A  and B) . Moreover, in vitro FGF21 treatment had no effect on either RANKL-induced or rosiglitazone-stimulated osteoclast differentiation (Fig. S4C) . Consistent with these findings, β-klotho was neither expressed nor induced by rosiglitazone in macrophage precursors and mature osteoclasts (data not shown). These results suggest that the higher bone resorption caused by FGF21 in vivo is likely mediated by indirect effects from other cell types or secreted factors that were absent in the ex vivo differentiation cultures. Although further studies are needed to address the full mechanism of FGF21 action on bone resorption, our findings that the RANKL/OPG ratio was higher in FGF21-Tg and lower in FGF21-KO mice (Figs. 1M and 2G) indicate that altered RANKL availability in vivo contributed, at least in part, to the changes in osteoclast number and bone resorption in these mice. In light of the recent studies on the role of osteocyte in RANKL production and bone remodeling (32, 33) , our results suggest that osteocytes may also be targets of FGF21. (Scale bars, 0.5 cm.) *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. mice and rats because of the simultaneously decreased bone formation and increased bone resorption (7, (34) (35) (36) (37) (38) (39) . Thus, we next investigated whether FGF21 contributes to TZD-induced bone loss in obese mice. WT or FGF21-KO mice were fed a high-fat diet for 10 wk and treated with rosiglitazone (10 mg·kg −1 ·d −1 ) or vehicle control during the last 2 wk. μCT imaging of the tibiae demonstrated that in WT mice, rosiglitazone induced a trabecular bone loss (Fig. 4A ) with a significant reduction in BV/TV (−58%), BS (−54%), Conn. D. (−65%), Tb.N (−42%), and Tb.Th (−28%), accompanied by a significant increase in Tb.Sp (+79%) (Fig. 4B) . In contrast, rosiglitazone-induced bone loss was completely abolished in the FGF21-KO mice (Fig. 4 A and B) . Bone marker ELISA analyses revealed that in WT mice, the rosiglitazone-induced bone loss was caused by a combination of decreased bone formation (−17% in PINP) (Fig. 4C ) and increased bone resorption (+21% in CTX-1) (Fig.  4D) . These rosiglitazone-induced bone marker changes were alleviated in the FGF21-KO mice (Fig. 4 C and D) . Histomorphometry showed that in WT mice, rosiglitazone reduced the number of osteoblasts (Fig. 4 E and F) , but increased the number of osteoclasts (Fig. 4 G and H) and adipocytes (Fig. 4 I  and J) . Again, these rosiglitazone-induced changes were largely absent in the FGF21-KO mice (Fig. 4 E-J) . The difference between the complete block of rosiglitazone-induced bone loss in vivo (Fig. 4) and the partial block of rosiglitazone-induced adipogenesis marker genes in vitro (Fig. 3G ) by FGF21 deletion may be due to a higher effective local rosiglitazone concentration in vitro (1 μM) than in vivo (oral gavage at 10 mg·kg −1 ·d −1 for 2 wk). Moreover, additional systemic factors that were absent in the in vitro cultures could modulate the effects of FGF21 deletion in vivo. Together, these data provide compelling evidence that FGF21 enhances PPAR-γ activity in bone and represents a critical mediator of rosiglitazone-induced bone loss (Fig. 4K) .
In summary, this work reveals FGF21 as a negative regulator of bone. Mechanistically, FGF21 forms a feed-forward loop to mediate and enhance PPAR-γ activity, thereby potentiating the ability of PPAR-γ agonist to inhibit osteoblastogenesis and stimulate adipogenesis from bone marrow MSCs. Consequently, FGF21 deletion confers resistance to rosiglitazone-induced bone loss (Fig. 4K) . Importantly, our results suggest that, despite the beneficial effects of FGF21 in treating insulin resistance and type 2 diabetes, long-term FGF21 administration may cause skeletal fragility. Future studies are needed to determine whether FGF21 also promotes bone loss in human diabetic patients. Finally, the finding that the metabolic hormone FGF21 is a key regulator of bone homeostasis not only underscores the importance of wholebody energy metabolism in bone physiology, but also highlights the endocrine FGF hormones as a unique family of skeletal modulators that comprise both the previously described FGF23/ Klotho axis (40, 41) and the newly identified FGF21/β-Klotho axis.
Materials and Methods
Mice. FGF21-Tg and FGF21-KO mice have been described (13, 31) . Mice were fed standard chow containing 4% fat ad libitum unless stated otherwise. For diet-induced obesity, mice were fed a high-fat diet containing 60% of kilocalories from fat (Research Diets no. D12492). All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center. A diagram illustrating the feed-forward mechanism for how FGF21 mediates rosiglitazone-induced bone loss by enhancing PPAR-γ activity in the bone marrow mesenchymal lineages to promote adipogenesis and suppress osteoblastogenesis. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; n.s. nonsignificant (P > 0.05).
Bone Analyses. μCT and static histomorphometry were performed as described (39) . ORO staining of adipocytes was performed as described (42) . Dynamic histomorphometry was performed as described (38, 43) . PINP and CTX-1 were measured with a Rat/Mouse PINP EIA kit and a RatLaps EIA kit (Immunodiagnostic Systems), respectively.
Pharmacological FGF21 Treatment. Recombinant human FGF21 (residues 29-209) was expressed and purified as described (10) . For in vivo treatment, WT mice were fed a high-fat diet for 4 mo and i.p. injected with FGF21 (1 mg·kg
) or PBS control during the last 2 wk. Mice were euthanized 1.5 h after the final injection. For ex vivo treatment, bone marrow cells were differentiated in the presence of FGF21 (0.2 μg/mL) or PBS control.
Ex Vivo Bone Marrow Differentiation. Osteoblasts were differentiated from marrow MSCs as described (43) (44) (45) . Briefly, cells were cultured for 3-7 d in MSC medium (Mouse MesenCult Proliferation Kit; StemCell Technologies), then differentiated in α-MEM containing 10% FBS, 5 mM β-glycerophosphate, and 100 μg/mL ascorbic acid (mineralization medium) (GPAA mixture) for 9 d. Mature osteoblasts were identified as ALP + cells by using fast red violet LB salt. For adipocyte differentiation, bone marrow cells were cultured for 3-7 d in MSC medium and differentiated in α-MEM containing 10% FBS, dexamethasone (1 μM), 3-isobutyl-1-methylxanthine (IBMX; 0.5 mM), and insulin (5 μg/mL) (DMI mixture) for 2 d and then in α-MEM containing 10% FBS and insulin (5 μg/mL) for an additional 4 d. Mature adipocytes were identified as ORO + cells. Osteoclasts were differentiated as described (38, 39) .
Immunoprecipitation Analyses. Bone marrow cells from FGF21-KO mice were differentiated into adipocytes in the presence of rosiglitazone (1 μM) and then treated with rFGF21 (0.2 μg/mL) or vehicle control for 4 h. Whole-cell extract was immunoprecipitated with anti-Sumo-1 (Santa Cruz), and the elute was immunoblotted with anti-PPAR-γ (Cell Signaling). Input cell extract was immunoblotted with anti-PPAR-γ or anti-β-actin (Sigma).
Statistical Analyses. All statistical analyses were performed with Student's t test and presented as mean ± SD. The P values were designated as follows: *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; n.s. nonsignificant (P > 0.05).
